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Methods: Cortical blood flow was measured with a laser-Doppler flowmeter in halothane-anesthetized rats assigned to one of three groups: normothermic group 1 (n=8) with a pericranial temperature of -36.5°C or hypothermic group 2 (n =8) or group 3 (n =8) with a pericranial temperature of =30.5°C. In group 2, a Paco2 of =40 mm Hg was maintained without correction for body temperature. To evaluate the role of Paco2, in group 3 animals Paco2 was kept at =40 mm Hg as corrected for body temperature. In all animals, the mean arterial blood pressure was reduced by hemorrhage in increments of 10 mm Hg every 2 minutes.
Results: In group 1 animals, a typical autoregulatory curve was observed with cerebral blood flow first falling at or below 75% of baseline at a mean arterial pressure of 57±+15 mm Hg (mean± SD). Absolute nonnotensive cerebral blood flow in group A probe with an outer diameter of 0.8 mm was positioned over the cortex, avoiding large dural or pial blood vessels. By use of a micromanipulator, the probe was placed on the dura without indenting it. The craniectomy site was then slowly, but continuously, rinsed with saline to avoid dehydration of the dura and accumulation of blood under the probe. The CBFLDF signal was recorded on paper along with MAP (model 79 polygraph, Grass Instruments Co., Quincy, Mass.). Before placing the probe on the dura, a zero-flow mark was made by use of a zero-flow signal from the instrument. Hypocarbia was then briefly induced by hyperventilation to verify that appropriate CBF changes could be detected. If necessary, the probe was repositioned until this criterion was met. Thereafter, ventilation was readjusted to obtain normocarbia. To permit the use of a heating lamp after placement of the laser-Doppler probe (since light from the heating lamp interferes with the laser-Doppler signal), each animal was shielded with aluminum foil. From this point on, even the slightest probe displacement was carefully avoided.
Animals were randomized to normothermic (group 1, n=8) and to hypothermic (group 2, n=8) groups. In the normothermic group, rectal temperature was maintained at 38±0.5°C while pericranial temperature was kept at 36.5±0.5°C. The animals in the hypothermic group were cooled with ice packs on the body to achieve rectal and pericranial temperatures of -31°C. In both groups ventilation was adjusted to maintain Paco2 between 38 and 42 mm Hg, as directly measured by the blood gas analyzer at an electrode temperature of 37°C. No effort was made to correct the reported pHa or Paco2 for body temperature. Note that this approach to hypothermic pH/CO2 management is referred to as alpha-stat (see below). [11] [12] [13] Approximately 21/ hours after induction of anesthesia, the left femoral artery was opened to a saline-filled reservoir that was suspended at a predetermined height above the animal. This allowed us to set an identical stable baseline MAP of 110 mm Hg in each rat. MAP was kept at this level for 10 minutes. Thereafter, MAP was reduced stepwise in increments of =10 mm Hg every 2 minutes by progressively lowering the reservoir. After a final MAP of -20 mm Hg had been reached, the animal was killed by intravenous injection of 1 ml saturated KCl. After death, return of the CBFLDF signal to the zero-flow mark was verified.
Additional Studies
Hypothermia with pH-stat management and halothane 0.7% (group 3). There has been extensive debate concerning the proper method of managing Paco2 and pH during hypothermia."-13 One method is that used above (group 2) , where a Paco2 of -40 mm Hg and pHa of -7.40 are maintained without correction for temperature. This approach is referred to as alpha-stat. The other method attempts to maintain a Paco2 of =40 mm Hg and pHa of =7.40 as back-corrected to the animal's body temperature. This has been referred to as pH-stat management. pH-stat-managed animals are always hypercarbic relative to alpha-stat-managed animals when Paco2 is reported in equivalent temperatures. Since the choice of Paco2 management might play an important role in autoregulation, eight additional rats were studied during hypothermia with pH-stat management. Surgical preparation was as described above. Animals in this group were cooled to~31°C, anesthesia was maintained with 0.7% halothane, and arterial pH and Paco2 were corrected for body temperature.14 The temperature-corrected Paco2 was kept To define the lower "knee" of the autoregulatory curves, CBFLDF at each point in the experiment was calculated as percentage of baseline, and then a running average of three sequential flow values (each 12 seconds apart) was calculated for the entire experiment (to compensate for moment-to-moment variability). This was then inspected, and the MAP at which this running average first reached or fell below 75% of baseline was recorded. This MAP value was compared between groups using a one-way ANOVA. In addition, a one-way repeated-measures ANOVA was performed within each group, and Dunnett's t test was performed to determine the MAP bin at which CBFLDF was first significantly different from baseline. A similar process was used to examine changes in calculated cerebrovascular resistance (CVRLDF), which was calculated as absolute CBFLDF/MAP.
Physiological variables recorded under baseline conditions were compared between groups by one-way ANOVA. A value ofp< 0.05 was considered significant.
All statistical tests were performed using STATVIEW II and SUPERANOVA programs for the Macintosh computer (Abacus Concepts, Inc., Berkeley, Calif.).
Results
Baseline physiological variables are shown in Table 1 Figure   1 , and CBFLDF is expressed as percentage of baseline in Figure 2 . In normothermic animals (group 1 Hg.16, 17 Although it is simple to demonstrate the stability of CBF within the midposition of the autoregulatory curve, defining the upper and lower limits is more difficult. Intermittent CBF measurement methods (e.g., 133Xe or H2 washout techniques) require stable physiological conditions for many minutes. These conditions may be difficult to maintain during hypotension and hypertension. More "instantaneous" methods such as the use of radioactive microspheres don't require such prolonged stability, but only a limited number of measurements can be made (ranging from one to six). Hence, most investigators collect only a few data points for each subject and then pool data from a large number of subjects. Although this approach has been valuable, autoregulation would be better studied using continuous flow measurements, allowing the construction of a nearly complete curve in each animal.
This idea is not new. Rapela and Green18 used a venous outflow method to examine autoregulation in the dog as early as 1967, and Phillis et a119 used a postglenoid vein outflow technique in rats. Unfortunately, these methods are surgically complex. The intro-duction of LDF has made continuous blood flow measurements readily available, albeit in small tissue volumes.20,2' LDF has been well validated for the measurement of CBF. The absolute flow values differ from those yielded by other methods and probably should be considered as unitless, but there is little doubt that LDF is an accurate method for quantitating changes in CBF relative to some reference point. [22] [23] [24] [25] Some caution must be exercised with respect to our results. For example, we have reported absolute CBFLDF values in Figure 1 and in Table 1 . This was done to compare baseline flows among groups. Although CBFLDF is best used to examine changes (and most of our statistical comparisons were done on data expressed as percentage of baseline flow), we feel that these intergroup comparisons are reasonable. The observed CBFLDF values are normally distributed with a coefficient of variability similar to that seen with other flow methods. 26 There are also clear differences between group 1 and group 2, the magnitudes of which are similar to those reported by others.10 Our measurements were also made through the intact dura. This was done to avoid changing the cortical microenvironment and to limit the potential for injury. This approach has been taken by others, particularly in the rat, in which the dura is thin and transparent. Finally, we produced hypotension by hemorrhage. This method has been used by others.27,28 Although it allowed us to control MAP, it could be argued that the results obtained might not apply to other conditions. Hemorrhage is associated with increases in the plasma concentration of a number of vasoconstricting compounds (e.g., catecholamines). There is no obvious way to eliminate the possible influence of such events, although increases in circulating catecholamines and peptide hormones may also be seen with hypotension produced by other methods (e.g., aortic balloons and nitroprusside). In fact, a study of these biochemical events during hypothermia might provide some explanation for the different curves seen. Hemorrhage also resulted in a small reduction in arterial hematocrit during the 20-minute experimental period. To rule out the possibility that this might be a confounding variable, we measured hematocrit in 15 animals prepared identically to those in groups 1-3 (five in each group). Whereas baseline hematocrit was greater in both the hypothermic groups, it declined by an identical 20% in all three groups. It seems unlikely that this could explain the intergroup differences in autoregulation, although it remains possible that the changing hematocrit might influence flow and autoregulation in all groups. Hemoglobin, either free or contained in red blood cells, is a scavenger of endothelium-derived relaxing factor. 29, 30 Hence, a reduction in hematocrit might increase the amount of endothelium-derived relaxing factor present, which might alter autoregulation. A reduction in blood viscosity caused by a falling hematocrit, with accompanying increases in the velocity of flow over the endothelium, might also act to release vasodilatory compounds.31
The autoregulatory curve in our normothermic normocarbic rats is similar to that reported by many workers. It is a bit difficult to define the lower limit of autoregulation, since this point is not as discrete as often believed. However, the MAP at which CBFLDF first reached 75% of baseline was 57+15 mm Hg, and the first significant decrease in CBFLDF (relative to baseline) occurred in the 45-54 mm Hg MAP range. These are similar to values found by others. For example, Barry et a127 found the first significant decrease in CBF below baseline at a MAP of 50-69 mm Hg. Hoffman et a128 found a similar result using radioactive microspheres. Other groups have used LDF. Eyre et a122 found a lower limit of autoregulation ranging from 43 to 70 mm Hg in rabbits. Dirnagl and Pulsinelli32 concluded that the lower limit (defined as the MAP at which cortical blood flow decreased to 80% of baseline) in halothane-anesthetized rats was =80 mm Hg, a value not inconsistent with our own, since they used spontaneously hypertensive rats and defined their "baseline" flow as that seen at a MAP of :130 mm Hg. One feature of LDFdetermined autoregulation does deserve special comment. This concerns the remarkable moment-to-moment variability in CBFLDF in a given animal. This finding is not new24,33 but reinforces the idea that autoregulation, particularly in a given individual, cannot be accurately described by the concise sharp curves found in many reviews and texts.
Hypothermia reduces the cerebral metabolic rate in a fairly predictable fashion. Decreasing body temperature by 10°C will typically reduce the cerebral metabolic rate by a factor of 2.5. However, the effects of hypothermia on CBF are far more variable. Much of this variability stems from nonuniformity in blood gas management during hypothermia. 34 (Figures 1 and 2) . The difference between groups 1 and 3 can also be seen if one plots an index of CVRLDF, i.e., MAP/CBFLDF versus MAP (Figure 3) 50 we felt it was possible that the loss of autoregulation in group 3 animals was due to a relatively higher dose of halothane than in group 1 animals. Although this is unlikely, because of the partial maintenance of autoregulation in group 2 animals (which also received 0.7% halothane), we also found that the autoregulatory curve for the group 4 animals was almost superimposable on that for the group 3 animals. Therefore, it appears that small differences in halothane concentration between hypothermic and normothermic animals do not explain our findings.
In conclusion, these experiments indicate that the blood gas management scheme chosen during hypothermia may have profound cerebrovascular effects. The evidence collected suggests that the maintenance of normal Paco2 and pHa as measured at normal body temperature (alpha-stat) results in decreased baseline CBF values and at least partial preservation of autoregulation. By contrast, when pHa and Paco2 are maintained at 7.40 and 40 mm Hg, respectively, after correction for temperature (pH-stat), hypothermic animals behave as if significantly hypercarbic and autoregulation is abolished. These findings support the idea that alphastat management of Paco2 represents a more physiological approach. Investigators should keep these results in mind when designing studies of cerebral physiology during hypothermia and clearly define and report their blood gas management strategies.
